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I. INTRODUCTION

The interpretation of loading environment remains fundamental to many fields of fatigue
investigation:

(1) life estimation:
(2) fatigue test load selection;
(3) comparison of load spectra and damage estimates between aircraft, mission type etc.:
(4) load spectra prediction for future aircraft design:
(5) sequence analysis:
(6) crack growth analysis.

Of all the cycle counting methods that exist for this purposei " the Rainflow and Range Mean
Pair methods are deemed the most generally useful from a theoretical point of view because
both identify load cycles in terms of the stable cyclic stress-strain behaviour of the material
concerned (i.e. turning points are paired that define closed hysteresis loops).) 9 However,
although simpler by definition, the multipass characteristic of existing range mean pair methods
has meant that they are less efficient than the one pass rainflow method for use on other than
short load records.

The present paper describes a one pass method for counting range mean pair cycles that
can be applied to complex load histories of unspecified lengths. The storage of range mean pair
data is also discussed "sith particular attention to the benefits afforded by recording such infor-
mation in a table. It should be noted that where load is referred to in this paper, strain, normal
load factor, stress, bending moment etc.. are equally applicable.

2. ('CI.E DEFINITION
The basic method for the extraction of range mean pairs from a given load history is given

in Reference 2 and is summarized below:
The method is to select and remove from a time ordered list of load maxima and minima

(turning points), the adjacent pair having the smallest absolute difference. This is repeated until
Jdl possible pairs are removed. Each pair is then considered to constitute the peak and trough
of one load cycle for which a mean and alternating load can be determined.

Though extremely simple, this procedure has an obvious limitation: it obtains only one
range mean pair for each pass through a given record and thus cannot be efficiently applied to
long complex historic,, in this form.

However, an immediate start to reducing the number of passes required is made when it
is seen that this minimum difference definition identifies cycles which constitute perturbations
of other larger c.cles (i.e. turning points which relate to closed stress-strain hysteresis loops)
and that a test based on this may be used to detect more than one range mean pair per pass.
From Figure I it can he seen that a perturbation test may be expressed so:

for a sequence of four turning points (TP's) denoted TPk 3), TP(k 2), TP(k I). TP(A) if

TPA 3) -A 2 TP(A 1) TP(A 2) TP(k) TP(k 1)1

equation (A)

the cycle TP(A 2). TP (A I) constitutes a range mean pair. This will hitherto be referred
to as the 'four point test'.

By advancing through the load history and considering four turning points at a time, using
(A), the numbher of range ein pairs obtained per pass is increased although several passes are

still required to process the entire load histor\. Tile refinement necessary to obtain complete
processing in a ,ingle pass is realized " hen (A) is used repetitively as follows:

As each turning point is passed it is loaded into a turning point stack and equation (A)
used to test it' it identifies the presious two turning points in the stack as a range mean pair.



If a range mean ptir is not detected the next turning point in the load history is loaded into
the stack and the process repeated until a range mean pair is found. When this occurs the range
mean pair turning points are remo\ed from the stack, the gap closed and equation (A) used
again to detect as many range mean pairs as possible e.g. if the turning point TP(k) identifies
the turning points [TP( I0, TP(A 2)J as a range mean pair it may similarly detect the
turning points [TP(k 3). TP(/ 4)] as a range mean pair and so on. The sequence of points
for which this repetitise pairing occur, is shown in Figure 2.

In this way c~cle counting proceeds through the load history with the turning point stack
being progressively loaded and emptied.

In the preceeding it has been shosn that a four point test can be used to process a load
history in a single pass. losever. it can be demonstrated that the single pass characteristic
itself is conducive to a further improsement in tile actual test for a range mean pair.

Consider Figure 3 shere the second sequence of Figure I has been reproduced. The four
point test (equation A) sould pair TP(k I ). TP(k 2) as before. Now suppose that the same
situation exists except that the IP(A 3) is ini a different position such as in Figure 3b. In this
instance the one pass four poinl procedure sould not reach TP(k) with the given sequence
undisturbed since it ssould h.oe remo\ed the pair TP(A 3), TP(k - 2) when it reached
TP(A 1). Fhus the lurninlg point1 1PA 3) can only lie %here it is depicted in Figure 3a
(i.e. beloss tile load \alues of I PVA 2) and TP(A IM if it is to remain in the history unpaired
when the four point one pass nit:hod reaches TP(A ). Hence the use of the fourth point, TP(k 3)
is unnecessar\ in this siluLion and onlh tile right hand portion of equation (A) need be used
as the range pair test (hereafter called tie three point test). The same argument applies to the
mirror image o " Figure 3 if "below' is replaced by "abo\e" so that the three point test suffices
for all cases. The decision to use either the four point or three point test in the one pass method
is considered below.

3. END EFFECTS

Tile end e ect problem is basicall\ due to tile fiact that every practical load history is of a
finite length and thus there must exist in c er\ load history turning points which cannot be
identified as pert ti rbations ot larger cycles simply because the turning points of those larger
cycles do not occur in the given record. Hence, exery range mean pair method must leave at
the end of processing some unpaired "residual' turning points.

Consider Figure (a wxhere load histories (a) to Uh) are depicted. Because the prior and
subsequent load sequences for each histor\ are uiknown no range mean pair can be found in
any of' them (i.e. no corresponding closed stress strain hysteresis loop can be firmly identified
without more informatioii at tie ends of the gixen sequences) and thus the conservative strategy
of pairing maximum peak to minimum trough is usuall. adopted.

After the last turning point of the load histor> has been loaded into the TP stack and
either the three or four poiit test used to check if it defines an range mean pairs, it and possibly
other TP's representing those discussed abo\e. w\ill remain unpaired in the TP stack. (It should
be noted that the number of, TPi, in\olbed is usuall. very small, often only two or three, and
that sequences (a) to (d) represent the residuals possible after a three point test has been used
while for tile four point test. (0 to (h) are also possible.)

When a four point test is used in the one pass procedure the turning point stack is emptied
using the ninimum troueLh to tlxiniuli peak method as already outlined, however when a
three point test is in use, it is possible to unload the residual TP's in the stack without changing
to a different pairing process. It one considers sequences (a) to (c) of Figure 6a again, it can be
seen that pairing of the rning points in the stack at the end of the load history can be accom-
plished by loading a large "dtzrin turning point into the end of stack and using the three
point test as before to pair right to left as shown in Figure 2. When the last TP is a peak the
'dummy" TP is a large Ne number and x ice versa for a trough (e.g. or 1031). This may nec-
essitate further further adiustnents ais described below.

The id,antages in using the three point test for both the main processing and the end effect
correction are that the computer programi wxritten toi implement the method is short and simple
and the execution time is sitnilarl\ short cen on long load histories. The disadvantage is that
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in some instances the pairing of the end effect sequence is unconservative i.e. minimum trough
to maximum peak pairing does not occur.

When a load history contains an odd number of turning points one TP will obviously remain
after pairing. When the four point test is used this TP will be the peak or trough closest to
the mean of the 'residual' sequence, (e.g. one of the turning points at either end of sequences (e)
to (h) in Figure 6a) and when the three point test is used it will be the largest peak or smallest
trough in the load history. In the former instance the damage contribution is slight and can
usually be ignored, however in the latter case the damage contribution may be significant enough

to warrant adding a mean load TP to the TP stack to ensure its pairing (this is sometimes called
closing the sequence). When this nominal TP is used it is added to the stack before the dummy
to obtain conservative pairing.

For a data sequence consisting of more than one block (flight) two alternatives exist for the
application of the end effect correction. It may be used at the end of each block or at the end
of the entire sequence. The choice of either alternative is basically a philosophical one, and
may depend on man) factors such as the accuracy of the data record in representing local loading
conditions e.g. for a sequence of many flights of data over which there was little change in struc-
tural condition (no crack initiation or crack growth etc.) the latter alternative may be chosen.
When the opposite is true it may be considered that applying the end effect correction at the
end of each block results in some consistency in the results (i.e. turning points are paired which
occur under similar conditions). The treatment of the 'odd' number turning point as discussed
in the previous paragraph is also relevant here as is obvious that applying the end effect correction
at the end of the entire sequence of blocks will result in only one possible 'odd' number turning
point.

One other end effect requires some consideration. Should the first and last points in the
record be considered as turning points? e.g. if Figure 7 represents an in-service load sequence
it may be argued that points A and B constitute turning points though the influence of points
A and B on the pairing is small in all cases except where the data record is very short. One
convenient method of 'closing' a sequence uses point B as follows: if the turning point stack
contains an odd number of turning points after the last true turning point has been loaded and
used to detect as many range mean pairs as possible, then point B is considered a turning point
and is loaded into the stack and used to test for range mean pairs. The pairing of the residual
history proceeds as before for the specific test used. When the reverse is true and the stack con-
tains an even number of turning points after the last true turning point has been considered
then point B is not used and end correction proceeds.

Now consider the pairs obtained when the three point one pass procedure is used to cycle
count each of the turning point sequences shown in Figure 6a using the 'nominal' and 'dummy'
TP's as relevant. The results are shown in Figure 6b and for all sequences baring c, gfmax-
peak to min-trough type pairing occurs. The influence of the less conservative pairing demon-
strated in sequences c, g, [on fatigue damage estimates is small for all but short load records.
In the latter case a four point test is substituted for a three point test and a max-peak to min-
trough pairing method used to pair off the g, e,.f h type sequences that will remain when all
range mean pairs have been removed.

The complete one pass counting method obtained by correcting the basic procedure for end
effects as above is shown schematically in Figure 8.

4. RANGE MEAN PAIR TABLE

Because of the large amount of RMP data that can be generated from long data records
a means of recording such data efficiently is desirable. The range mean pair table fulfils this
requirement and also provides a form which, as is shown in the next section, proves useful in
many areas of fatigue analysis.

The table is simply a half array with axes of peak and trough load obtained by grouping
the range mean pairs obtained from the load history into a number of cells.

Suppose that the maximum possible load existing in a given record will not exceed the

value Lmax and the minimum possible load will not be less than Lmin. Then dividing this load
range into n levels to give the level size LS, provides a basis for grouping the range mean pairs.
Consider Figure 9 where the range mean pair of load xl to load x2 is shown to be represented



on the basis of levels by the range mean pair of level (i ; I) to level (i . 5). Hence the cell in
the range mean pair table corresponding to this range mean pair would record a count of one.
At the end of processing of a load history all range mean pairs whose trough and peak were
similarly in levels (i 1 I) and (i I 5) respectively would be represented in the table as a corres-
ponding count in the same cell (Fig. 10). Similarly all other range mean pairs generated by the
counting method would be grouped into their respective cells in the range mean pair table.

When the information stored in the range mean pair table is required, the load data is
calculated using the minimum load (Liji) and level size (LS) values e.g. the counts shown in
Figure 10 represent range mean pairs from a trough of load Lj,, - (i - I - 05)LS to a peak
of load L 1in t i . 5 - 0-5)LS. The mean and alternating loads can then be calculated from
these values accordingly. It should be noted that:

(i) The leading diagonal of the range mean pair table represents "degenerate" range mean
pairs i.e. range mean pairs for which both the peak and trough lie within the one level.
As the alternating load for these grouped range mean pairs is zero when determined
by assigning load values to their peaks and troughs as above, they are not usually
used in a fatigue damage calculation based on the range mean pair table (the S-N
data used will determine if the range mean pair data contained in this diagonal should
be included in the damage calculation in which case a conservative estimate of alternat-
ing load such as LSi4 could be used.)

(ii) Diagonals parallel to the leading diagonal (down left to right) represent range mean
pairs with the same alternating load.

(iii) Conversely, diagonals in the opposite sense (up left to right) represent range mean
pairs with the same mean load %alue. (Fig. I1).

(iv) The range mean pair table shown in Figure 10 as a half ai ray can also be configured
as a vector to save computer storage space.

(v) The number of levels into which the load range is divided determines the accuracy of
the table in recording the range mean pairs discussed below.

In Figure 10 range mean pairs with troughs in level i - I and peaks in level i - 5 are
shown recorded in the range mean pair table by the respective number of counts K. These range
mean pairs are assumed to be distributed within the given levels such that their mean value in
load terms can be taken to be the mean value of those levels. Thus the smaller the level size
used (i.e. the larger the number of levels) the smaller the error inherent in this assumption.
A typical example of the effect of the number of levels chosen for the table on its accuracy is
illustrated in Figure 12 where fatigue damage estimated for a structural component has been
calculated from the individual range mean pairs of an in service record and compared \kith that
obtained from range mean pair tables ofthe same data. The 'zig-zagging' effect within the envelope
shown in Figure 12 is a result of the range mean pairs suddenl\ crossing level boundaries as the
number of levels within the tables is changed. Figure 12 also indicates the rapid convergence
of damage estimates obtained from the tables to the correct value as the number of levels is
increased. Experience has shown thirty or more levels to be preferable for range mean pair
table damage estimates though sufficient accuracy is often obtained with as few as ten levels.
The table's accuracy can be checked by comparing damage calculated at processing time with
that obtained from the completed table.

5. RANGE MEAN PAIR TABLE USE

The range mean pair table is used primarily for fatigue life estimation although it is useful
in some of the other areas of fatigue interest given in the introduction.

Fatigue damage estimates can be obtained from the data contained in the table bN calculating
the damage attributable to each cell on tile basis of its mean and alternating had and on the
counts recorded therein. (degenerate diagonal cells are ignored) and summing in accordance
with Miner's rule.

The range mean pair table also facilitates damage densitN calculations because of the %a%.
in which it presents ordered sets of mean and alternating load. Fig. II ).

Fatigue meter counts of normal load factor form the basis of man. in-ser% ice fatigue damage
estimates. These counts can be simulated from range mean pair tables of %ertical acceleration
or related parameters. For a fatigue meter of .% thresholds (where x is typically 8) the counts
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recorded for each threshold can be found by summing all range mean pair counts within the
area of the table bounded by those levels which encompass the corresponding 'cocking' and
'firing' levels, denoted respectively Lr and l.f. This is demonstrated in Figure 13 %here the smallest
range mean pairs capable of registering a count for the two types of thresholds (Lf > L, and
Lf < L, respectively) are shown. Thus for either threshold type a range mean pair having a
peak in a higher level and a trough in a lower level than the minimum required would also
register a count for that threshold. Hence the total number of counts registered for the given
fatigue meter threshold is the sum of all such range mean pairs in the table. i.e. the sum of all
range mean pairs in the table bounded by the respective 'cocking* and 'firing' levels.

For a fatigue meter that 'fires' all thresholds at the same %alue (t.pically I g) the summation
can be performed cumulatively. This is illustrated in Figure 14 for positive 'cocking' values.
The same procedure is used to sum vertically for negative values.

Where the objective is not to simulate the performance of a particular fatigue meter but to
provide data for spectra a slight modification is utilized. From Figure 15a summing proceeds
cumulatively using every level in the range mean pair table (in effect representing a fatigue meter
of n thresholds and variable 'cocking' and 'firing' values). This produces counts for spectra as
shown in Figure 15b. Spectra for parameters other than normal load factor are produced in
the same way as above from their respective range mean pair tables.

Two examples demonstrating the application of the one pass range mean pair method are
given in the Appendix.

6. CONCLUSION

A method for counting range mean pair cycles has been described that can ;e used to process
a load history of any unknown length in a single pass. The obvious benefits of t"is method lie
in its simple implementation. speed and application to unconditioned data. (i.e. i,, adjustment
of a load history such as setting maximum load first etc. is required).

The range mean pair table which records data two dimensionally has also been discussed
with particular attention to the manner in ivhich is can be used it) enhance Ihe capabilities of
the one pass method to process and store %ery large amounts of data.
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Load sequence Critical stress-strain sequence
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T(- TP(K-3)I "
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/~ r'
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TP(K-3)

FIG. 1: THE PERTURBATION DEFINITION OF THE RANGE MEAN PAIR
AND ITS CORRESPONDENCE TO STABLE CYCLIC STRESS-STRAIN
HYSTERESIS LOOPS

TP(K)

When the one-pass method reaches
TP(K-6) TP(K) with the contents of the turning

point stack represented as shown:
TP(K-4) TP(K) and TP(K--3) will detect the

" _ Tp(K ) 1RMP TP(K--1), TP(K-2)
TP(K) and TP(K-5) will detect the

RMP TP(K-3). TP(K-4)
TP(K) and TP(K-7) will detect the

RMP TP(K-5), TP(K-6)

TP(K-3) i.e.: Repetitive firing of RMP's can
occur whenever a RMP test is used.

TP(K- 5)

TP(K-7)

FIG. 2: REPETITIVE PAIRING OF RANGE MEAN PAIR CYCLES BY A
ONE-PASS METHOD
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TP(K-1) TP(K -1)
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FIG. 3: DERIVATION OF THE THREE-POINT TEST-
SEE CYCLE DEFINITION
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FIG. 4: THREE-POINT SEQUENCES
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(a) The three-point test (b) The four-point test

I TP(K -1) -TP(K -2)1 I IITP(K) -TP(K -1)I

gTP(K -3) -TP(K -2)1 1 ~TP(K -1) -TP(K --2)1 TP(K) -TP(K -1)I

FIG. 5: THE THREE-POINT AND FOUR-POINT RANGE MEAN PAIR TESTS
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FIG. 7: INITIAL AND FINAL TURNING POINTS
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Level
numerLMAX A load value well

n_______________________ above the maximum

n-i load expected in the
load record

n-2

SMaximum load actually
occurring

1+5

1_ _ _ __ _ +4 Represented in range
+3 mean pair table as

3___________ RM P(i-.1, i 5)
+ 2 see Fig. 10.

RMP(x,, X2) X1

\,Minimum load actually
occurring

Level boundary- 3
2

Level size- T 1 LmIN A load value well below
LS the minimum load expec-

ted in the load record
LS (LMAX- LmIN)/n

FIG. 9: TABLE "GROUPING" OF RANGE MEAN PAIRS
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FIG. 10: THE RANGE MEAN PAIR TABLE
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FIG. 11: RANGE MEAN PAIR TABSLE CHARACTERISTICS



Damage estimate calculated from
individual range mean pairs
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FIG. 12: EFFECT OF NUMBER OF LEVELS ON ACCURACY OF THE
RANGE MEAN PAIR TABLE



Fatigue meter threshold for Fatigue meter threshold for
which firing valve is greater than which cocking valve is greater
cocking valve i.e. Lf > Lc than firing valve i.e. Lf < L

n __ _ _ _ _ _n _ _ _ _ _

n-1 __ _ _ _ _ _ _ _ _ __ _ ___1__ _ _

Minimum range mean pairs capable of registering a
count for the given threshold type.

Fatigue meter count for respec-
tive threshold type is found by
summing all counts in the

IN table bounded by the Lc &
Lf Lf levels.

LCC

Lf > Lc Lf < Lc

(b)

FIG. 13 - GENERATING FATIGUE METER COUNTS FROM THE RANGE MEAN PAIR
TAB LE.
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APPENDIX

In the following pages two sample load histories are used to demonstrate the one pass range
mean pair method. In the first sequence, shown in Figure 16, the procedure is outlined step by
step using a schematic turning point vector. In the second example a more realistic counting
situation is proposed.

I. . ... .. ml .. . ,~ " - ...



Example I

The turning point sequence shown in Figure 16 is, in load terms:

85 -60 150 98 350 --256 265 -52 120 80 510 260 320 295 303

80 268 -95 150 78 420 210 290 30 155 110 320

Using the pairing procedure as given in section two for the three point one pass method
the following is obtained:

Turning Cycle Sequence No. of Turning Point Stack Range
Point in Turning Turning Mean

Point Stack Points Pairs

85 1 F51

-60 2 jj

150 3 85 -6 150]
-60 85

98 2[T~

350 3 150 9 350

-25 2 98 150-256 j 235625

265 3 350-25q 265-

---.52 4 41 350 1- 251 265 1-52 I

120 5 1350 1 2561 265 1 -521 1201

80 6 1350 1- 251 265 1 52 1 1201 80I

510 7 350j 251 265 52j 120 80 1510

80 120
- 52 265

---- 256 350



260 2 20

320 310 260 1320]

295 4 101260 320 295]

303 5 510 260 320 295 303

80 6 50 26I 20 295 303 80

295 303
260 320

268 3 510 80 26

95 4 510 8 2 9 I

O80 268

78 4 51095 1S7

4 J2 I _78 150

210) 41,10 1 9 1 2°

29() 5 1510 95 1420 210 290

30 6 510 9540210 290 30
-' - --- - - 210 290

155 5 510 95 1420 30 155



A 1K

110 6 510 -95 420 30 155!10

320 7 5101-951 4201 30 1s5j 1101 320j

110 155

End Effect Correction: Odd number of TP's remaining - Add Nominal TP 0, say

6 510 95 4201 30 1320 0

Last TP is a trough " Dummy TP 1030

1030 510 -95 420 3 320 0 1030j

____". _ 0 320
30 420

-95 510

Range Mean Pairs obtained by Three Point Test:

-60 85

98 150

80 120

-- 52 265

-256 350

295 303

260 320

80 268

78 150

210 290

110 155

0 320
30 420

95 510



Using the same procedure for a Four Point Test gives:

98 150

80 120

-- 52 265

295 303

260 320

80 268

78 150

210 290

110 155

with the Turning Point Stack containing the following at the end of the sequence:

S85 1 601 350 I- 251 5101 95 1 4201 0I30

End Effect Correction: Odd number of TP's remaining " Add Nominal TP, -= 0 say. and
pair using peak-trough counting

85 -60 350 -25 510 -95 420 30 320 0

" -- 30 320

-256 510 peak-trough
-95 420 85 -60 350 -25 510 95 420 0

0 85

*1



Comparison of Results:

3 Point Test 4 Point Test
98 150 98 150
80 120 80 120

-52 265 -52 265
295 303 295 303 Cycles which can be identified
260 320 260 320 as perturbations of larger cycles
80 268 80 268 i.e. range mean pairs.
78 150 78 150

210 290 210 290
110 155 110 155

-60 85 -60 350
-256 350 -256 510 Cycles which cannot be identified

0 320 0 85 as perturbations of larger
30 420 30 320 cycles.

-95 510 -95 420

Ia



Example 2

The record shown overleaf contains two channels of data recorded during one flight of a
monitored aircraft. The two channels, respectively normal acceleration by 100 and micro-
strain at an important location, have been processed using the three point one-pass method.

Records of both sets of range mean pair data are listed. However, as pointed out previously,
range mean pair tables present a more condensed and convenient form for the same data. The
table of range mean pair data for channel one is included.



Lo 0 S....0 o 'o .:..0 o0o 6,6. L0 .:0..

voO n' 0M Koo n| , I 9o n. IM If10 n. Sol
is) I od1 18| IJlog tel 1Je 041 1 @1 40

1 SCO0.O 9000.00 101 161.!L 1..50 201 111.7 11.73 301 61 -247.31
2 130.83 71.13 10. 165. 13 137.88 202 112.70 22.98 302 2.94 -2468. 1
3 135.24 76.60 103 163.17 134.:60 203 10 .82 17.51 303 0.98 -268.41
& 137.69 78.79 104 16.21 134.60 204 103.88 12.06 306 4 .1 -245.12
S 135.24 79.88 105 165.62 138. 98 205 105. 84 6.38 30S S. 68 -240.75
6 143.08 1 4.1 1106 16..1 137.1g 206 99. 47 -. 36 306 5.39 -240.75
7 .10. 9.10 11 168.07 136.9 20 49.67 0.00 307 9.32 -238.56
1 139.65 99.58 11 16617 135.9 20 68.98 -7.66 308 6.37 -237.86
1 145.04 90.63 109 16.62 10.07 209 91.63 -17.51 1309 10.29 -23.37
10 153.0 94 .11 110 166 1371.81 214 92.61 -21.9 310 11.27 -235.27
11 15.04 95 .10 111 168.07 136.79 211 7.7 -20.3 31 9.3 -231.99
12 14 9.49 1 96.1 112 168.70 135.69 212 76.26 -2.45 312 12-2 -229.90
13 15.04 111.6 113 164.62 136.79 213 673 -33.92 313 16.21 -227.61
18 13.9 112.15 118 166.0 10.87 218 67.91 -45.96 318 1.70 -222.14
Is 15:.39 106.00 119 169.0 138.9 219 7 .18 -30.34 319 16.56 -21.73
16 16.89 0 11.18 120 168.7 138.98 216 74.97 -82.0 310 1 -200.26
17 15386 111.62 117 164.6 136.79 217 57.62 -88.00 317 28.1. -215.8
22 153.36 71 118 163.67 13.007 21 67.62 -6.06 318 23.52 -210.11

23 16.7 117.09 122 162.68 130.22 223 67.13 -73.32 319 22.54 -205.7320 156.80 119. 8 120 162.15 134.60 220 57.33 -82.07 320 2601 -200.26
21 15.533 117.09 121 163.17 135:.6 221 57.12 -18.18 32L 28.42 -195.09
22 159 .2 122.36 122 158.76 133.5o 222 54.88 -93.02 322 27.46 -19.88
23 1580. 2 27 117.5 127 168 130.22 223 49.79 -930 323 30.3 -189.31
24 11.82 119.66 124 162.61 134.60 228 49.00 -105.0 328 3.81 -180.58
29 159.2 120.37 125 153.17 135.6 225 43.12 -118.1 329 34.49 -151.01
26 159.25 122.86 1 168.76 133.50 226 38.22 -122.56 326 3871 -170.713. 16.68 131.32 131 1.5 13.66 227 38.71 -129.13 327 5.12 -167.63
20 161.70 123:66 128 162.19 130-22 228 34-.30 -112.41 328 43.61 -157.58
29 158.76 1 23,66 1 29 L 57.29 1 28.03 229 32.83 -1 32.6, 329 69'."9 -1531,01
30 15,9.25 125 .8 130 162.68 128.*0 3 230 33. 32 -1.02 33 0 52.43 -1416.5

1162.68 131 .32 131 1876 123.6 2 31 2. 3 -1645.5S6 331 35.86 -137.8

32 159.25 128.03 132 157.78 126.94 232 25.97 -118.82 332 60.76 131.32
33 161.21 126.94 133 159.25 126.96 233 24.01 -160.86 333 63.21 -125.86
34 162.19 122.56 134 154.35 121.47 234 18.13 -166.33 334 66.64 -116.00
35 157.29 120.37 135 157.78 121.47 235 20.09 -168.52 333 71.05 -108.34
36 160.72 126.94 136 157.29 119.28 236 15.19 -173.99 336 73.01 -98.69
37 162.68 132.41 137 153.37 122.36 237 12.25 -179.47 337 79.38 -88.64
38 160.72 131.32 138 157.78 121.47 238 11.76 -164.94 338 16.77 -62.07
39 164.15 130.22 139 156.80 119.28 239 6.37 -194.79 339 68.20 -73.32
60 162.68 129.13 140 152.39 120.37 240 4.61 -196.97 340 93.59 -63.47
41 161.21 129.13 141 157.29 118.16 241 5.86 -199.16 341 95.06 -58.00
42 163.66 132.41 142 154.35 121.47 242 0.49 -204.63 342 99.47 -47.05
43 1 59.25 133.50 143 153.86 119.20 243 0.98 -205.73 343 105.35 -39.39
64 162.68 134.60 144 157.29 121.67 244 0.00 -212.29 34 106.62 -31.73
65 165.13 134.60 145 153.37 118.18 245 -4.90 -216.67 345 111.23 -20.79
46 159.25 129.13 146 IS6.31 120.37 246 -3.92 -219.95 36 117.11 -14.23
67 162.68 134.60 167 157.29 122.56 247 -5.39 -224.33 34 119.36 -..38
68 163.66 134.60 148 13 3.86 122.56 248 -6.33 -227.61 348 124.46 3.28
49 159.76 131.32 149 158.27 123.66 249 -6.37 -230.90 349 129.36 10.96
50 163.66 133.50 ISO 156.31 119.26 250 -11.27 -234.18 350 129.85 19.70
51 160.72 130.22 151 153.86 117.09 251 -11.76 -242.93 351 135.73 29.55
52 160.72 11 157.29 118.18 252 -12.2 -241.86 352 136.22 36.11
33 163.17 133.50 133 155.33 11.18 253 -15.68 -267.31 353 139.16 61.58
54 157.78 130.22 154 15. 2 124.75 254 -13.72 -248.41 354 145.04 66.15
55 161.70 129.13 155 160.72 126.9A 255 -16.17 -249.50 355 144.55 52.53
56 161.21 128.03 156 157.78 123.66 256 -19.11 -254.97 356 1.8.47 63.47
57 158.16 130.22 157 159.74 128.03 257 -18.13 -259.35 357 153.86 70.06
58 164.64 132.41 158 162.68 130,22 258 -19.11 -261.56 358 152.8 75.51
19 162.68 137.68 159 160.23 133.50 259 -20.09 -264.82 359 157.29 84.26
60 13.5 1"2.41 160 163.66 130.22 260 -19.60 -245.91 360 160.23 90.63
61 165.13 131.3' 161 162.19 131.32 261 -22.05 -267.01 361 160.72 97.39
62 161.21 132.41

'
4 162 159.74 127.03 262 -22.54 -270.29 362 16-.64 106.15

63 162.13 136.79 163 162.68 129.13 263 -21.07 -271.39 363 165-.62 109.43
64 166.11 138.98 164 15.76 130.22 264 -23.03 -275.76 364 166.60 118.18
65 163.17 126.79 165 160.72 130.22 265 -22.54 - 79.05 365 171.01 126.94
66 16*.15 133.50 166 164.15 130.22 266 -23.32 -272.48 366 169.56 131.32
67 165.13 135.69 167 159.25 130.22 267 -23.03 -275.76 367 173.46 135.9
68 161.21 138.96 168 16..3 130.22 268 -20.58 -275.76 366 176.40 139.98
69 166.60 140.07 169 162.19 126.94 269 -23.52 -2. '.9 369 171.93 146.66
70 165.62 137.81 170 15b.8 125.84 270 -22.5 -277.95 370 178.36 19.92
71 162.19 137.6 171 159.5 12p,1 271 -21.07 -279.05 371 176.35 15 1.01
72 164.15 135.61 172 159.25 126.96 272 -22.54 -276.66 372 175.51 148.82
73 162.19 135.9 173 155.62 125.66 273 -19.60 -277.95 33 181.81 152.11
74 163.66 136.79 174 159.25 128.03 274 -18.13 -275.76 374 176.36 153.20
75 165.62 137.88 175 157.78 126.94 275 -20.91 -275.76 375 179.83 157.59
76 159.71 136.79 176 15!.33 129.13 276 -17.6. -279.05 376 191.30 159.77
77 16..15 1.69 177 157.29 128.03 27? -17.15 -276.86 377 172.38 157.58
78 16.. 1 132.41 176 152.39 115.64 278 -17.66 -275.76 378 179.36 157.58
79 159.25 130.22 179 152.88 125.4 279 -13.72 -274.67 379 176.36 156.68
80 164.15 132.41 190 155.31 123.46 280 -74.10 -275.76 380 175.62 157.56
81 162.68 133.50 181 147.49 121.47 281 -14.70 - 72.68 381 178.85 160.86
21 11.2 .140.17 162 167.99 116.00 282 -12. 7. -275.76 382 177.87 166.33
63 167.58 160.07 183 148.47 111.62 281 -13.72 -27..67 383 176.69 16..15
64 163.66 136.79 184 140.14 102.86 284 -13.72 -272.66 384 161.8 7 1171
85 164.64 140.07 18 13.16 99.58 265 -9. 83) -22.68 38 178.56 175.09
86 161.09 141.16 186 139.16 55.20 286 -11.27 -269.20 386 I 8. 32 179.4?
71 161 141.16 187 154.75 89.66 287 -9.80 -271.9 36 18.7 179.47
88 160 11.16 188 136.71 

8

4.,6 268 7.35 -769.20 38 179.14 179.47
39 167.09 138.98 189 129.85 78.79 289 -10.t29 -28.10 389 16W.77 180.56
90 16. 6 14.7.07 190 128.87 7.1 290 -7.84 -268.10 390 183.6 182.75
91 168.56 1 3'.9 191 133.28 72.22 291 -6.37 -631 73 391 180.32 183.&4
92 1 S6.11 136.'9 IZ 126.42 64.-56 2 39. 18.0 178.37I

93 161.70 136.79 193 1. .42 61 19 293 -4.41 -263..4 59 160.81 176.16
"6 167.09 13..8 194 126.42 S'.00 294 -6.61 -229.3 394 177.8? is .9
95 3166 138.99 195 1 1' 5.53 295 -539 -261.56 395 181.79 1 .37
96 16.. IS 13. 8 196 1"1.48 5o.34 296 -I.9s. -257.16 396 177.87 1W1.6"
91 167.09 16. ' 197 11.1 65.96 297 -. 45 -251.69 397 179.1 18.37
98 161:A 131.1: 1q, I1.11 62.66 296 1.67 -251.69 34P 180.32 176,11
99 162.6m 114.6 0 199 11.56 36.11 209 1.96 -70.61 3" 177.3 1621.75

100 165.13 136.60 2N 116.17 31.71 30 -0.469 -269.540 40 18.75 166.03



421 19..' 262.'" 511 5.43 120.. 621 It!.,9 0.1 ,3: . A 2.)402 19 .4 L.+4 512 9.9 14.29 622 11.23 32.'1 252 10 .A 20. ,640 16.17 I9. 17 51) 1S). e0 118.18 823 114.27 31.'J 733 I0V. 4 17.51
4C5 1.1. .5 514 253. 18. -. 115.-9 31.') 734 204. 7 18.40.5 -9.22 204.. 3 515 116.80 119.29 625 1M3.8 31. '3 735 105.88 21.89
404 .49. .) 212..9 516 IS'. :0 117.v9 68 112. '0 3-"'.93 736 107.80 19.70407 19 , 4 215.;4 517 152. 39 119.14 627 10.5 33., 717 1r. 14.25408 202.17 21q.06 s8 Ios.i2 ia1,. i 62q I1.11 33.9 18 10,.", 12.04
409 206.2N .222.14 519 14. 80 1I1. SL 629 111. 2 50.64 3 19 103.88 14.*'3
410 206..9 228.71 520 254.15 121.47 630 ICa.78 26.26 740 10290 14.23

t11 21+.13 23..1I 521 198., t12.6 '4 81 S1S. 29.55 741 107.31 16.41
812 212.88 238.56 522 194.15 116.28 632 t1.24 33.92 742 1,04.86 15.52413 ZIZ.66 Z39.65 523 151. 6 2 o.0 633 1 t3.8 40.-9 74 102.41 12.04
4, 219.52 2a1.92 524 1 8.27 115.. 64 3 1'.22 58.i0 744 104.37 12.04415 216.09 241.54 525 15191.' 109..3 635 l'2.!1 31.3 749 100.94 10.9
416 220.01 248.41 526 15U.37 112. 71 638 13..4 29.,5 74 101.92 10.94417 225.93 252. " 527 54.94 112. 71 637 1136. 30.64 747 105.35 9.85
414 220. 0 251.8 528 1S1..g 110.52 "6" 117.21 33.62 748 100.94 1-.94
819 225.9 254.97 528 155.53 (14. 34 639 11.2 38.30 749 105.35 12.04420 228.91 256.07 530 152.q )5.05 640 113.:9 33.92 "n in. 57 IA. 4.
621 221.67 259. 35 531 14%.q4 104.25 6.1 112.21 29.55 751 100.94 13.13
422 2717.36 260.-4 532 153.86 107.24 642 115.!5 27..6 752 103.8 9. 5423 225.-0 258. 5 533 1e9.-45 101.77 64) 111.23 31.23 753 21.42 6.92
426 224.91 261.5. 534 170.43 98.49 644 112.'0 36.11 754 102.-' 10.
425 229.32 262.o3 535 151.41 10.86 645 11b.62 35.02 755 1M5. 5 13. 13
42 224.61 263. 71 536 146.51 99.38 6.44 110.25 28.55 724 222.60 15.32827 226.87 265.91 537 146.64 100.68 647 123.68 28.45 752 1 2.88 13.13428 228.34 263.73 538 149.94 96.70 648 124.17 51.73 75 104.86 8.75
429 224.42 263.73 539 144.06 93.02 649 109.76 51.73 759 11.62 8.2 5
830 .27.85 263.73 540 147.98 95-0 650 113.68 30.64 760 124.57 12.-4
431 228.34 2 4:2 541 146.51 96.30 651 112.20 29.55 761 k3.. 8 13.12
432 223.44 267.01L 542 145.04 98.9 652 110.25 28.45 762 100.. 5 10.94
433 228.83 267.01 543 148.96 101.'7 653 114.17 29.55 763 103.88 7.t44

34 225.89 285.91 54 14?.49 9.58 654 110.24 29.55 764 101.4) 9.85
435 222.46 26..7 545 148.6 102.86 655 111.23 27.36 765 120.94 7.66
436 225.89 264. 2 546 150.62 107.26 656 113.69 30.64 766 102.41 4.38437 221.97 263.73 547 148.96 h2 ,.15 657 109.78 28.45 767 87.51 3.28
438 224.421 267.01 548 149.64 122.86 658 112.21 28.55 768 88.39 3.28
439 226.38 262.63 549 149.45 100.68 659 153.19 30.64 769 100.45 4.38
440 220.99 263.73 550 145.57 94.11 660 108.29 27.36 770 95.55 3.28441 223.91 250.'4 551 147.00 98.49 661 113.29 28.45 771 200.-5 4.36442 23.44 260.44 552 144.55 100.6a 662 111.23 28.45 772 98.00 1.09
443 219.03 261.54 553 141.12 93.02 663 110.2S 29.55 773 95.06 0.00
464 222.95 259.35 554 145.04 89.75 664 114.17 30.64 774 99.47 3.26643 220.01 258.25 555 138.67 89.73 665 109.27 29.55 775 95.55 0.00
446 212.26 251.16 556 139.16 80.83 666 109.27 26.26 776 95.06 1.09
647 220.99 258.25 357 142.58 85.73 667 113.19 28.45 777 88..9 -1 .0848 216.08 258.25 558 136.22 78.78 668 108.78 29.55 778 98.08 -5.47
449 219.52 257.76 558 135.73 741 648 122.70 28.45 779 95.06 -6.47
450 279.03 253.98 460 133.77 75.51 670 113.68 30.64 780 95.06 -5.47
4"1 215.11 251.59 561 129.85 76. 0 671 110.25 29.55 781 91.9) -5.47
452 216.0 25279 542 134.75 76,0 672 112.21 28.-S 782 94.08 -7.46
453 224.58 252.68 563 132.30 71.13 673 111.23 27.36 783 93.59 -7.,6
456 210.60 251.68 54 12 .87 6.98 67. 111.25 0.64 784 90.16 -6.5
455 217.07 248..1 565 130.3 68.94 675 115.15 32.83 785 95.06 -7.66
496 214.13 245.12 566 126.91 68.94 676 113.18 51.73 786 90.65 -9.85
457 216.13 246.22 567 126.42 66.75 677 115.15 36.11 787 0.16 -8.75458 238.05 242.93 548 126.42 59.09 678 117.11 38.30 788 84.08 -9.85
839 214.13 240.7s 59 122.99 60.19 679 114.17 41.58 789 87.71 -8.75
440 214.13 239.66 570 125.4 59.08 680 118.51 80.68 780 88.20 -10.94661 217.0? 238.56 371 124.93 65.47 682 318.58 37.21 71 82.65 -14.23482 213.15 233.27 572 122.01 68.94 682 113.68 40.49 792 87.22 -12.08
463 215.60 235.27 573 125.93 63.47 683 119.07 41.58 793 90.65 -23.13464 214,13 234.18 374 122.01 54.72 684 116.13 40.49 794 91.14 -12.04
465 213.64 233. C9 175 119.56 12.51 685 114.17 39.39 795 88.20 -12.08
466 2151.1 231.99 576 123.48 56.90 686 127.11 28.55 796 82.61 -12.04
467 214.13 235.27 577 1 21.03 42.39 87 110.74 24.07 787 80.16 -10.94468 213.11 238.28 578 124.46 66.75 688 109.76 22.88 798 87.71 -12.04
469 220.50 235.27 579 124.95 58.00 689 112.70 20.28 798 93.20 -14.23470 216.58 240.75 S80 120.05 52.53 690 108.28 25.17 800 89.18 -13.1
471 219.090 24+0.75 581 122.01 o0.34 691 109.7,8 28.45 801 92.12 -9.85
472 20,899 240.7 32 119.56 53.62 692 110.25 22.98 802 95.08 -10.-4
873 218.34 238.96 583 219.07 34.72 693 105.35 17.31 803 89.67 -8.25
474 270.50 240.75 584 122.01 54.72 864 108.33 12.04 804 82.61 -6. 57475 219.52 240.73 585 117.11 51.43 693 104.37 10.94 805 9.59 -8.85
876 217.6 239.46 586 116.5 45.88 496 101.63 13.32 806 88.67 -8.85477 220.01 240.73 387 117.11 42.58 697 107.31 17.51 807 8.53 -8.57
478 217.07 240.75 388 112.21 42.68 698 103.88 18.60 808 93.59 -8.75
479 216.09 239.65 388 114.17 45.96 699 102.90 16.41 809 92.12 -7.66
880 714.62 236.37 390 116.62 44.87 700 106.82 12.04 820 84.53 -5.47
481 208.23 235.27 591 120.25 42.68 701 99.96 12.04 81l 93.10 -6.5)882 208.72 228.80 592 112.21 39.39 702 102.90 17.1 822 98.08 -2.19
483 208.72 227.61 53 113.19 33.92 703 206.8 18.41 813 98.0 0 -0.28
484 203.31 226.52 594 109.27 38.30 704 100.43 14.23 814 93.10 .4.38
486 204.33 222.18 95 114.66 39.39 705 103.35 16.41 815 980 -4.38
488 200.80 216.87 396 210.25 39.38 706 303.$9 13.13 928 98.00 -5.47
487 197.47 214.6 587 110.25 36.11 307 102.93 16.41 817 5.198 -5.29
488 198.45 208.01 398 11564 33.92 708 106.33 2.17 828 98.49 -3.8488 296.06 204.63 599 I1l.72 30.64 709 104.37 22.98 819 96.04 -5.23
40 191.59 204.63 600 111.72 36.11 710 103.88 19.20 820 93.59 -2.29
491 10.61 200.26 601 113.19 38.30 711 105.33 6.37 821 98.96 -2.08492 183.75 195.88 602 110.74 30.02 712 98.00 -2.19 822 95.06 -3.8
893 186.24 191.50 603 114.66 35.02 713 99.96 1.09 823 86.04 -1.09484 181.79 179.47 404 113.19 35.82 741 101.43 8.7 87 98.47 0.C03
485 176.40 178.37 605 110.74 39.39 715 98.98 13.13 823 9.67 -4.58s698 177.17 176.18 606 116.13 83.77 716 105.33 19.70 826 97.02 -1.08
497 378.40 171.81 607 125.23 60.49 717 106.33 16.81 827 97.51 -1.28
498 172.89 1"6.33 608 114.17 40.49 718 2:0.37 17.51 828 94.S7 -2.2948 172.30 258.77 609 129.58 36.23 729 109.76 20.79 829 99.47 1.09
S00 167.09 105.39 610 112.21. 3q. 750 105.84 19.70 10 17.02 -3.28
501 166.11 133.20 611 115.15 81.58 721 204.88 18.60 831 95.06 -3.28
502 166.60 146.F4 912 117.60 41.58 722 107.80 17.51 832 97.31 -4.3
503 160.72 143.35 61 I22.72 36.11 723 204.7 2I6.62 83 95,f. -2.19$04 160.72 18.98 614 116.62 36.12 2 105.86 19.70 854 95.05 -3.28
S0S 262.70 335.88 825 326.64 33.8) 72 S209.76 2M.T 835 97.62 -3.28506 156. Fo Ill.32 616 110.25 36.02 n26 f 03.88 20.79 836 96.07 -3.28
S07 158.36 130,2 617 115.(. 36.11 70? 508.78 28.60 1)7 95.55 -. 18508 155.2 1213.66 M8 113.19 36.02 728 107.31 1.60 88 97.07 -5.67
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